We demonstrate an effective approach to realize excitation and outcoupling of the SPP modes associated with both cathode/organic and anode/organic interfaces in OLEDs by integrating dual-periodic corrugation. The dual-periodic corrugation consists of two set gratings with different periods. The light trapped in the SPP modes associated with both top and bottom electrode/organic interfaces are efficiently extracted from the OLEDs by adjusting appropriate periods of two set corrugations, and a 29% enhancement in the current efficiency has been obtained.
D ue to the promising applications in full-color flat-panel displays and solid-state lighting sources, organic light-emitting devices (OLEDs) have attracted considerable interests since their discoveries [1] [2] [3] [4] [5] [6] . Light extraction in OLEDs has been an active area of research because of significant power loss arising from substrate modes from the total internal reflection at the glass substrate/air interface, waveguide (WG) modes in organic/indium-tin-oxide (ITO) anode layers, and surface plasmon-polariton (SPP) modes associated with the metallic electrode/organic interface [7] [8] [9] . The low light outcoupling (less than 20%) has become one of the main limitations to high efficiency of the OLEDs for commercial applications [10] [11] [12] . There is still the greatest scope for significant improvements in efficiency through an efficient recover of the lost power. It can be easily realized for Light extraction of the substrate modes by attaching a microlens array on the outside of the substrate 13, 14 . Using metallic anode, for example, thin metal film, metal grid or metal nanowires with high optical transmission and electrical conductivity as a direct replacement for ITO has a potential to recover the power loss to the WG modes in ITO [15] [16] [17] [18] [19] . OLEDs with metallic films as both top cathode and bottom anode by employing semitransparent Au thin films as anode have shown superior device performance 8, 20 . In this case, light trapped in the SPP modes existed at cathode/organic interface and anode/organic interface become the main power loss, and therefore, highly efficient light extraction could be expected by excitation and outcoupling of the SPP modes associated with both top and bottom electrode/organic interfaces in the OLEDs.
Introducing a wavelength-scale nanostructure onto the metallic electrode surface has exhibited its remarkable effect for excitation and outcoupling of the SPP modes by providing an additional momentum to couple the SPP modes into light [21] [22] [23] . A periodic nanostructure is suitable for specific narrow range of wavelength by satisfying the Bragg scattering condition 20 . While, the SPP resonant wavelength would be different for the cathode and anode interfaces due to the different metal materials are used, so that the excitation and outcoupling of the SPP modes can be realized only at one of the electrode interfaces 23, 24 . Therefore, recovering the power loss to SPPs at both cathode and anode interfaces simultaneously is an important issue to further improve the efficiency of the OLEDs. In this communication, efficient excitation and outcoupling of the SPP modes associated with both top and bottom electrode/organic interfaces has been realized by introducing a two-dimensional (2D) grating with dualperiodic corrugation into the OLEDs. The 2D grating consists of two set corrugations with different periods. The SPP resonance at the cathode/organic and anode/organic interfaces can be tuned to the same wavelength to coincide with the electroluminescent (EL) peak of the OLEDs by adjusting appropriate periods of the two set corrugations. As a result, the light trapped in the SPP modes associated with the two electrode/organic interfaces are both efficiently extracted from the OLEDs respectively. A 29% enhancement in the current efficiency compared to those of the conventional planar devices has been obtained.
Results and Discussion
The schematic experimental realization of the dual-periodic corrugated OLEDs with efficient excitation and outcoupling of the SPP modes associated with both top and bottom electrode/organic interfaces has been shown in Figure 1 . The periodic corrugations were fabricated on a photoresist layer spin-coated on the pre-cleaned glass substrates by a laser interference lithography (LIL) technique 25 . The dual-periodic corrugation has two set gratings with different periods and rotated 90u with respect to each other. 1D and 2D mono-periodic corrugations were also prepared by the same technology for comparison. Their morphologies on the photoresist surface were investigated by atomic force microscopy (AFM), and shown in Figure 1 and Figure S1 in supporting information. The groove depth was about 60 nm for the periodic corrugation by tuning the laser fluence 26 . A red OLED was fabricated on the corrugated substrate based on a red-emitting phosphorescent material Bis(2-methyldibenzo[f,h]quinoxaline) (acetylacetonate) iridium (III) [(MDQ) 2 -Ir(acac)] as described in methods section 27 .
SPPs are electromagnetic excitations propagating at the interface between a dielectric and a conductor, evanescently confined in the perpendicular direction 28 . It is well known that SPPs can be optically excited by incident radiation if the metal surface in which the SPPs reside shows a periodic corrugation to satisfy conversion of energy and momentum [28] [29] [30] . SPP resonance at the corrugated metal surface can be tuned by adjusting the grating periods 23, 24 . Its consistence with the emitting wavelength of the OLEDs is crucial for the efficient outcoupling of the SPP modes. Au and Ag are chosen as top cathode and bottom anode, respectively. The structure of the corrugated OLEDs is Au (15 nm)/MoO 3 (5 nm)/CBP (60 nm)/CBP: (MQD) 2 Ir(acac) (20 nm, 8% wt)/Bphen (10 nm)/Alq 3 (20 nm)/Ca (2 nm)/Ag (80 nm), and the emission wavelength for the OLEDs is located at around 605 nm ( Figure S2 , supporting information), which are from the emission of the red emitter (MQD) 2 Ir(acac). Absorption spectra associated with cathode/organic and anode/ organic interfaces with various corrugation periods were measured to determine the optimized periods as shown in Figure 2 . A number of absorption maxima could be seen, if the incident light is coupled into the SPPs supported by the structure. In order to investigate the two electrode/organic interfaces individually, the structure of the device engaged for the absorption spectra measurement associated with Ag cathode/organic interface was CBP/CBP: (MQD) 2 Ir(acac)/ Bphen/Alq 3 /Ca/Ag, while the structure for the measurement of the Au anode/organic interface was engaged to be Au/MoO 3 /CBP/CBP: (MQD) 2 Ir(acac)/Bphen/Alq 3 . More specifically, planar devices with the same structures were used as the reference samples for the absorption measurement to exclude the absorption by the planar metal and organic films at the observed wavelength region, so that the peaks originated from the SPP resonance supported by the periodic corrugation could be distinguished clearly. The thickness of the Ag cathode is decreased from 80 to 50 nm for the absorption measurement, and Au anode keeps at 15 nm. The SPP resonance of around 605 nm is desired for both top and bottom electrode interfaces according to the emission wavelength of the OLED. The wavelength of the absorption peak at normal direction increases with the corrugation period for both Ag and Au interfaces. Therefore, the favorable periods of the corrugations were determined to be 315 nm for the Ag/organic interface and 410 nm for the Au/organic interface, respectively, since they both correspond to a SPP resonance of 605 nm. The angular-dependent absorption spectra as the function of the observation angle for the 1D 315 nm corrugated and 1D 410 nm corrugated devices were also measured and shown in Figure S3 in supporting information, in which the absorption peak splits into two peaks, which move to lower and higher wavelengths, respectively, with the increased observation angle. The peak splitting behavior is typical of Bragg diffraction of surface waves or guided modes.
After determined the periods of the corrugations, the two periods of 315 and 410 nm are combined to form the dual-periodic corrugation. The absorption spectra of the dual-periodic corrugated devices associated with the Ag/organic interface and Au/organic interface have been measured as shown in Figures 3a and b . Two absorption maxima can be observed in each spectrum, which is arising from the two different periods of the dual-periodic corrugations. A peak at around 605 nm can be observed in both cases. Figures 3c and d show the angular-dependent absorption spectra of the dual-periodic corrugated devices under a transverse-magnetic (TM) and transverse-electric (TE) polarized light source. We should note that the incidence with the electric and magnetic component vertical to the xz plane can be called as TE and TM polarized incidence, respectively. Different from the spectra under nonpolarized incident light, only one absorption peak around 605 nm can be observed at normal direction under the polarized incident light. The spectra for the TM polarized absorption coincides with that of the 1D corrugated devices with 315 nm period ( Figure S3a ), which demonstrates that it is originated from the SPP modes associated with the Ag cathode/ organic interface supported by the 315 nm period of corrugation. While the TE polarized absorption coincides with the 1D corrugated OLEDs with 410 nm period ( Figure S3b ), and therefore, is arising from the SPP modes associated with the Au anode/organic interface supported by the 410 nm period of corrugation. In case of the Ag/ organic interface, an additional peak at around 750 nm can be observed in the nonpolarized absorption spectrum, which is from the SPP resonance corresponding to the corrugation period of 410 nm, and is far from the desired wavelength of the red emission.
The additional peak appears at around 500 nm in case of the Au/ organic interface, which is from the SPP resonance corresponding to the corrugation period of 315 nm, and is also far from the desired wavelength of the red emission. These data demonstrates clearly that dual-periodic corrugation is necessary to tune the SPP resonance of the Ag/organic and Au/organic interfaces to the same wavelength. The above results indicate that the dual-periodic corrugation with periods of 315 nm and 410 nm is favorable for efficient light extraction from the red-emitting OLEDs.
In-house generated finite-difference time-domain (FDTD) code is applied to simulate the absorption spectra to confirm the excitation and outcoupling of the SPPs 20,29 . The theoretically calculated absorption spectra of the OLEDs integrated with 1D mono-periodic corrugation with various grating periods are shown in Figure S5 in supporting information, in which the peak positions are identical with the measured spectra ( Figure 2 ). The simulated dispersion maps with TM and TE polarized incident light associated with two different metal/organic interfaces are shown in Figures 4a and b , in which the absorption intensity is as a function of both incident angle and absorption wavelength. Dispersion relations constructed from the measured absorption spectra with TM and TE polarization (Figures 3c and d) are also plotted in Figures 4a and b . It can be seen that there is an excellent agreement between the numerically calculated and experimentally measured dispersion relations. The spatial steady-state Hz field intensity distributions across the device structure as a function of position with the normal incident light are calculated for the device with the dual-periodic corrugation in order to identify the optical modes supported by the corrugated OLEDs. Figure 4c shows the field intensity distributions associated with Ag/ organic interface for the TM-polarized incidence with a wavelength of 605 nm. The field intensity exhibits its maxima at the Ag/organic interface and decays along the direction perpendicular to it, which demonstrates that the absorption peak at 605 nm originates from SPP modes, since SPPs are surface wave and propagating along the interface between a metal and a dielectric 24, 30 . In case of the TE polarized incidence with a wavelength of 605 nm, the field intensity exhibits its maxima at the Au/organic interface as shown in Figure 4d , which demonstrates the excitation of the SPP modes associated with the Au/organic interface. The above numerical simulations confirm the excitation and outcoupling of the SPP modes from both top and bottom metal/organic interfaces in the dual-periodic corrugated devices.
To investigate the effect of the dual periodic corrugation on the light extraction from the OLEDs, the EL performances of the 1D or 2D mono-periodically corrugated, dual-periodically corrugated and planar OLEDs have been compared and summarized in Figure 5 and Table S1 in supporting information, respectively. The dual-periodically corrugated OLEDs show obvious enhancement in both luminance and efficiency as expected. The maximum luminance increases from 12470 cd/m 2 for the planar device to 20470 cd/m 2 for the 1D 315 nm periodic device, 24130 cd/m 2 for the 1D 410 nm periodic device, 31650 cd/m 2 for the 2D 315 nm mono-periodic device, 35560 cd/m 2 for the 2D 410 nm mono-periodic device, and 47950 cd/m 2 for the dual-periodic device, respectively. The maximum current efficiency is improved from 17.98 cd/A for the planar device to 19.38 cd/A for the 1D 315 nm periodic device, 20.46 cd/A for the 1D 410 nm periodic device, 20.27 cd/A for the 2D 315 nm www.nature.com/scientificreports periodic device, 21.09 cd/A for the 2D 410 nm periodic device, and 23.22 cd/A for the dual-periodic corrugated device, respectively. The 1D mono-periodic corrugated devices reveal 7.79% (315 nm period) and 13.79% (410 nm period) enhancement in the current efficiency, and the 2D mono-periodic corrugated devices reveal 12.74% (315 nm period) and 17.30% (410 nm period) enhancement compared to those of the conventional planar device, while it reveals a 29.14% enhancement in the current efficiency by integrating the dual-periodic corrugations.
Understanding the enhancement mechanism can be obtained by analyzing the optical modes within the dual-periodic corrugated OLEDs by measuring its emission spectra as a function of observation angle. Figure 6 shows the EL spectra measured from the dual-periodically corrugated OLEDs at several observation angles to the surface. The additional peaks in the TM and TE polarized EL spectra and their shifts in wavelength as the angle varies can be clearly observed in Figures 6a and b . Compared with the polarized absorption spectra (Figures 3a and b) , their peak wavelengths are almost coincident, which demonstrates an efficient outcoupling of the photons from the trapped SPP modes associated with both the cathode/organic and anode/organic interfaces. However, the bandwidth of the EL spectra is different from the absorption spectra on the account of that the fluorescence of (MDQ) 2 Ir(acac) may decide the bandwidth of the EL emission. Angular dependent EL spectra with TM and TE polarization of 1D mono-periodically corrugated OLED are also measured and compared with the measured absorption spectra to verify the outcoupling of the SPP modes, as shown in Figure S6 in supporting information. Combining with the above experimental and numerical results, the EL enhancement could be attributed to the light extraction by the excitation and radiation of the SPP modes at both of the cathode/organic and anode/organic interfaces by integrating the dual-periodic corrugation.
Conclusions
In summary, we demonstrate an effective approach to realize a light extraction enhancement in OLEDs by introducing dual-periodic corrugation into metallic electrodes. The dual-periodic corrugation has the effect to outcouple the power lost to the SPP modes associated with both cathode/organic and anode/organic interfaces in the redemitting OLEDs. A significantly enhanced EL efficiency from the dual-periodic corrugated OLEDs has been observed, and a 29% enhancement in current efficiency compared to those of the conventional planar devices has been obtained. The employing of the dualperiodic corrugation in the OLEDs has opened an avenue to enhance the efficiency, which has the potential in the commercial applications of the OLEDs.
Methods
Fabrication of the Dual Periodic Corrugation: The laser interference lithography technique was employed to fabricate the periodic corrugations. By adjusting the angle of the two laser beams, the nanostructures with various periods can be obtained. The photoresist (NOA63, Norland Products, Inc.) diluted in acetone at a concentration of 25 mg/ml was spin coated on the pre-cleaned glass substrate at 6000 rpm speed for 20 s. The thickness of photoresist film was 100 nm. A continuous laser with 266 nm wavelength (Coherent Inc.) was used as irradiance light source for the lithography. The sample was exposed by two laser beams which were split from the UV laser with a beam size of ,6 mm in diameter. 1D mono-periodic grating was obtained by exposing the photoresist to the interference fringes. For the fabrication of the dualperiodic corrugation, the sample was exposed for the second time after rotation of 90u with a different writing angle. The nanostructure with different periods and depths can be obtained by adjusting the writing angle and the exposure time. The morphologies of the nanostructure were characterized by an atomic force microscopy (AFM, Dimension Icon, Bruker Corporation) in the tapping mode.
OLEDs Fabrication and Evaluation: Glass substrates coated with corrugated photoresist film were immediately loaded into a thermal evaporation chamber. A 15 nm semitransparent Au anode was deposited on the prepared substrates. A 5 nm MoO 3 anodic modification layer, 60 nm thick hole-transporting layer of 4,40-bis(carbazol-9-yl)biphenyl (CBP), 20 nm thick emitting layer of 8% wt Bis(2-methyldibenzo[f,h]quinoxaline) (acetylacetonate) iridium (III) [(MDQ) 2 Ir(acac)] doped into CBP, 10 nm hole-blocking layer of 4,7-diphenyl-1,10-phenanthroline (Bphen), 20 nm electron-transporting layer of tris-(8-hydroxyquinoline) aluminum (Alq 3 ), and cathode of Ca (2 nm)/Ag (80 nm) were evaporated sequentially at a base pressure of 5 3 10 24 Pa. The absorption spectra were measured by UV-Vis spectrophotometer (UV-2550, SHIMADZU). The angular dependent electroluminescent spectra were measured by a fiber optic spectrometer. A slit was used to limit the angular acceptance to ,1u, and the OLEDs were placed on a rotation stage with grooves (one of the grooves for the 2D corrugation) parallel to the rotation axis. The voltage-current density and current density-luminance characteristics of the devices were measured 
